ABSTRACT The motility of demembranated sea urchin sperm flagella and that of embryo cilia reactivated with 0.1 mM ATP are completely inhibited by 4 AM and 0.5 AM vanadium (V) [V(V), in vanadate], respectively. The Mg2+-activated ATPase activity (ATP phosphohydrolase, EC 3.6.1.3) of the latent form of dynein 1 is inhibited 50% by 0.5-1 AM V(V), while the Ca2+-activated ATPase activity is much less sensitive. The inhibition of flagellar beat frequency and of dynein 1 ATPase activity by V(V) appears not to be competitive with ATP. In agreement with other reports, the inhibition of (NaK)ATPase by V(V) shows a slow onset in the presence of ATP and is relatively rapid in its absence. With dynein, however, the inhibition occurs at a rapid rate whether or not ATP is present. Catechol at a concentration of 1 mM reverses the V(V) inhibition of reactivated sperm motility, dynein ATPase, and (NaK)ATPase. (5) .
centrations of V(V) up to 500 AM. The inhibition by V(V) provides a possible technique for distinguishing, between the actions of dynein and myosin in different forms of cell motility. About ten years ago, one of us reported that an impurity in certain batches of commercial ATP had a potent inhibitory effect on the Mg2+-activated ATPase activity of 30S dynein from Tetrahymena cilia, while having relatively little effect on the Ca2+-activated ATPase activity (1) . During the past year there have been-several reports that ATP-prepared from equine muscle contains an inhibitor of the (Na,K)-ATPase associated with cation transport (2, 3) . This (Na,K)-ATPase inhibitor has recently been purified and identified as vanadium in the +5 oxidation state by Josephson and Cantley (3) and Cantley et al. (4) , who reported that it appeared to be specific for (Na,K)-ATPases, and did not inhibit actomyosin ATPase, F1 ATPase from mitochondria, or the Ca2+-ATPase from the sarcoplasmic reticulum.
The dynein ATPase (ATP phosphohydrolase, EC 3.6.1.3) in sea urchin sperm flagella occurs in two isoenzymic forms, dynein 1 and dynein 2, which account for about 75% and 10% of the total axonemal ATPase activity, respectively (5, 6) . When dynein 1 is solubilized by brief extraction of axonemes with 0.5 M NaCl, it has a low latent ATPase activity. Treatment of this latent form of dynein 1 (LAD-1) with any of a variety of activating procedures yields an activated form of dynein 1 that has about a 10-fold higher ATPase activity (5) .
In this paper we report that vanadium(V), V(V), is a potent inhibitor of dynein 1 and of the motility of reactivated sea urchin sperm flagella and embryo cilia. We have also examined the effect of V(V) on myosin and (Na,K)-ATPase.
MATERIALS AND METHODS
Materials. Sodium metavanadate (NaVO3) and sodium orthovanadate (Na3VO4) were obtained from Fisher Scientific
Co. Stock solutions of sodium metavanadate that had been recrystallized from methanol/water were prepared in 10 mM Tris.HCl buffer, pH 8.1. Identical results were obtained with sodium orthovanadate in 0.1 M NaOH. Cateohol, norepinephrine, ouabain, NADH, phosphoenolpyruvate, lactate dehydrogenase, and pyruvate kinase were obtained from Sigma. ATP was obtained from Boehringer Mannheim Corporation. Stock solutions of 0.25 M catechol and norepinephrine were prepared freshly in 1 mM HCl.
Sperm and eggs were obtained from the sea urchin Tripneustes gratilla by injection with 0.5 M KCl.
Reactivated Sperm and Cilia. Sea urchin sperm were demembranated with Triton X-100 and reactivated with 0.1 mM ATP as described previously (7, 8) . Cilia were obtained from sea urchin embryos grown in Ca2+_free artificial sea water, disrupted mechanically into individual blastomeres, and treated with demembranating solution (7) at pH 7.5. They were then transferred to reactivating solution, pH 7.5, containing 0.1 mM ATP.
Preparation of ATPases. LAD-1 was extracted from freshly shed sea urchin sperm by the procedure of Gibbons et al. (5, 9) .
Before their Mg2+-and Ca2+-activated ATPase activities were compared, preparations of LAD-1 were dialyzed against 0.5 mM EDTA/7 mM 2-mercaptoethanol/5 mM Tris-HCl, pH 8.0, to remove all divalent cations. Activated dynein 1 was obtained by incubating LAD-1 with 0.1% (wt/vol) Triton X-100 for 10 min at room temperature (5) . Myosin and actin were prepared from rabbit muscle by the procedures of Perry (10) 12 Hz for the controls), but with normal waveform. In 3MM V(V), the majority of the sperm flagella had an initial beat frequency of about 7 Hz, and propagated waves of reduced amplitude in only the proximal region of the flagellum. The beat frequency remained at about 7 Hz for 1-4 min and then movement suddenly ceased. When treated with 4MM V(V), the sperm were almost completely immotile by the time the solutions had been mixed (about 10 sec), although some sperm continued to move for a few seconds longer. In the stationary sperm, the flagella were straight or slightly curved. The critical concentration of V(V) needed to give complete inhibition of motility depended on the ATP concentration and the pH. Under standard reactivation conditions (0.1 mM ATP, pH 8.1), this critical concentration was 4 AM, while in 1 mM ATP it decreased to about 2 MM. At pH 7.6 and 0.1 mM ATP, the critical concentration was about 1 AM, while at pH 8.7 it was about 14 MM; these results indicate that the affinity of the flagellum for V(V) increases significantly as the pH is lowered. The time course of inhibition and critical concentration of V(V) at pH 8.1 were not changed by whether the V(V) was added to the demembranated sperm before or after the ATP. Increase in the Mg2+ to 22 mM, and the absence or presence of K+ likewise had no effect on the inhibition.
We attempted to investigate the mechanism of inhibition by studying the beat frequency as a function of ATP concentration at subcritical concentrations of V(V). (Fig. 1A) . In the presence of 1 MM and 1.5MgM V(V), both the maximal frequency and Kmf were reduced, indicating that the inhibition of beat frequency by V(V) is not competitive with ATP. Inhibition of flagellar motility by 100,MM V(V) could be completely reversed by dilution of the suspension into additional reactivation solution, so that the concentration of V(V) fell below the critical level. As reported for (Na,K)-ATPase (3, 12) , the inhibition of motility by V(V) can be reversed by norepinephrine. We have found catechol to be equally effective. Reversal from 100 MiM V(V) could be achieved by 2.5 mM catechol. The reversal was not instantaneous. Flagella inhibited by 4 MM V(V) and treated with 1 mM catechol began moving by forming a single bend which was not propagated. They then started beating rhythmically at the proximal end only. Gradually waves of increased amplitude passed along the whole flagellum, and finally after 1-2 min the frequency and amplitude became normal. The reversal of inhibition at pH 7.5 was significantly slower than at pH 8.1 and required 4-5 min to go to completion. Partial reversal of inhibition from 4 ,M V(V) could also be achieved by 50 Live sperm swimming in sea water containing 10 mM V(V) showed normal beat frequency and waveform, and their longevity was the same as that of control sperm in plain sea water. This lack of inhibition is presumably a consequence of the V(V) being unable to cross the cell membrane.
Reactivation of cilia from sea urchin embryos has not been reported previously and our characterization of their motility is in a preliminary stage. The movement of cilia that remained attached to pieces of cell debris appeared to resemble fairly closely that of cilia on live blastomeres. The movement of unattached cilia appeared to consist of the propagation of bends to one side of the cilium with a frequency of about 10 Hz. These bends tended to die away after being propagated about halfway along the cilium. Optimal reactivation of the cilia was obtained at a pH of about 7.5.
The motility of the reactivated cilia was partially inhibited by 0.1 MM V(V), and in 0.5 MM V(V) their beating was completely inhibited. Some of their greater sensitivity to V(V) is probably a result of the lower pH of reactivation. The inhibition of ciliary motility by 1 AM V(V) was partially reversed by 1 mM catechol.
Inhibition of dynein 1 ATPase
The degree of inhibition of dynein 1 ATPase by V(V) depended upon the state of the enzyme and upon the conditions of activation (Table 1) . LAD-I was the most sensitive, with 54% inhibition by 1 MM V(V). After Triton activation, the dynein 1 became less sensitive, with about 30% inhibition by 1 AM V(V). Dialysis against EDTA induced partial activation of LAD-1 and also caused some loss of sensitivity to V(V). However, the EDTA-dialyzed enzyme was notably more sensitive to inhibition by V(V) when activated by Mg2+ than when activated by Ca2+. This provides evidence that V(V) was the inhibitory impurity in the ATP used in our earlier studies that caused inhibition of the Mg2+-activated ATPase of 30S dynein from Tetrahymena cilia while leaving the Ca2+-activated activity almost unchanged (1). The ATP from Boehringer Mannheim Corporation used in our present experiments gave no change in ATPase activity upon addition of catechol, indicating that it was free of significant contamination with V(V). was sufficient to cause 50% inhibition. Fig. 3B shows the reversal of inhibition by various concentrations of catechol and norepinephrine, and illustrates that the two compounds have equal ability to reverse the inhibition.
The inhibition of LAD-1 by V(V) is not competitive with respect to ATP and is very similar to that obtained in beat frequency measurements at the same range of ATP concentration (Fig. 1B) . The nearly parallel double-reciprocal plots suggest that the inhibition is of the uncompetitive or mixed type. Lack of inhibition of myosin and actomyosin ATPase Myosin shows ATPase activity under a variety of conditions (15) . We have examined the effects of V(V) upon the ATPase activity of myosin activated by Mg2+, Ca?+, and K+/EDTA and found specific activities at pH 7.5, 25°, of 0.008, 0.20, and 2.0 Mlmol of Pi mg'1 min1, respectively, for the controls, and activities of 0.010, 0.22, and 2.8 Mmol Pi mg'1 min-' in the presence of 500 MLM V(V). Actomyosin with Mg2+ activation had a specific activity of 0.36 umol Pi mg-' min1 for the control, and 0.41 ,mol Pi mg'1 min-1 in the presence of 500 MM V(V). These results show that concentrations up to 500.uM V(V) cause no inhibition of myosin or actomyosin ATPase; at these high concentrations there was up to 40% activation of the ATPase activity. Inhibition of (NaK)ATPase For purposes of comparison with dynein, we have repeated some of the studies on inhibition of (Na,K)-ATPase by V(V) reported previously by Josephson and Cantley (3) . Inhibition of (Na,K)-ATPase, unlike that of dynein, did not occur immediately upon mixing with V(V), but required a period of time before it became fully effective. With (3). Nevertheless, if the enzyme was preincubated for 15 min in assay solution containing 3 mM Mg2+ and 1 AtM V(V) in the absence of ATP, the initial degree of inhibition upon adding ATP was nearly as great as at 25 mM Mg2+. In this case, however, the rate of hydrolysis increased with time until after about 10 min it had attained nearly the same rate as that of enzyme that had not been preincubated with V(V) in the absence of ATP. This result indicates that ATP is displacing the V(V) from the (Na,K)-ATPase, which implies a degree of competition between ATP and V(V) for binding, with the time required for competition equilibrium being of the order of 10 min under these. conditions. The (Na,K)-ATPase was more sensitive than dynein to inhibition by V(V). When preincubated with 25 mM Mg2+ assay solution for 30 sec in the absence of ATP, the rate of hydrolysis was 50% inhibited by 40 nM V(V). As with dynein, the inhibition of (Na,K)-ATPase was reversible by 1 mM catechol.
DISCUSSION
Our results have shown clearly that V(V) is a potent inhibitor of dynein 1 ATPase and of the motility of cilia and sperm flagella. The discovery of an inhibitor that inhibits dynein reversibly with a high affinity (Ki -0.5 AM at pH 8.0) may be expected to facilitate the study of the chemical properties and physiological function of dynein.
The mechanism of inhibition of dynein 1 by V(V) appears complex and will require further study to elucidate. The vanadate anion remains mononuclear at the concentrations below 0.1 mM (16, 17) used in this study, but its structure at neutral pH is uncertain at this time (16, 18) . It should also be noted that the vanadate anion tends to form a complex with phosphate (19) and possibly with ATP (unpublished observations). Be this as it may, we have arbitrarily chosen to represent the vanadate anion as V(V). Our preliminary investigation of the steady state kinetics of inhibition, both of dynein ATPase and of flagellar motility, suggests that the inhibition is not competitive with ATP binding, for the inhibitor appears to cause changes in both Km and maximal velocity or beat frequency. The inhibition of motility of reactivated cilia and sperm flagella by V(V) is presumably a consequence of the inhibition of dynein ATPase, because both inhibitions behave qualitatively the same with regard to ATP dependence. The V(V) concentration that gives 50% inhibition of LAD-I ATPase, about 0.5 ,1M, is significantly lower than that needed to give a 50% decrease in beat frequency. However, no close correspondence between these quantities should be expected, because none is observed between the Km of LAD-1 ATPase (about 30,MM) (20) and the Kmf of flagellar beat frequency (200-300,gM). The flagellum is a complex organelle and dynein is a protein subject to changes in conformation. It appears likely that the differential effects of Mg2+ and Ca2+ and the different affinities of LAD-1 and activated dynein for V(V) are the result of changes in conformation of the dynein, because this would also explain the difference in the effect of pH on V(V) inhibition of sperm and LAD-1. However, the possibility of changes in the structure of the inhibiting vanadate anion must also be considered, particularly because the vanadate anion has a pK for ionization of 7.8 (17) , which is close to our working pH of 8.0.
Vanadate inhibition of sperm movement appears to be not wholly due to inhibition of dynein 1. After the flagellar beat frequency has decreased to a critical value that, depending on the ATP concentration, lies between 50 and 80% of the control value, a further increase in V(V) concentration causes the flagellum to become immotile. This complete loss of motility may be a consequence of the inhibition of other enzyme activity associated with the coordination of tubule sliding, possibly the dynein 2 (6). The possible inhibition of dynein 2 by V(V) has not yet been examined. When the inhibition of LAD-1 by V(V) is compared with the inhibition of (Na,K)-ATPase, several differences are apparent. The affinity of (Na,K)-ATPase for V(V) is dependent on the Mg2+ concentration and on the presence or absence of K+ (3), while no such dependence has been found for LAD-1 under the conditions tested. When the enzyme is preincubated in 25 mM Mg2+ assay solution in the absence of ATP, the affinity of (Na,K)-ATPase for V(V) is 40 nM, which is substantially greater than that of LAD-1, but under more physiological conditions the affinity of (Na,K)-ATPase is about 0.5 ,gM (3, 4) , which is approximately the same as that of LAD-1. The inhibition of (Na,K)-ATPase shows a slow onset (10-20 min) in the presence of ATP, and is relatively rapid in its absence, whereas the inhibition of dynein ATPase is obtained within 1 min whether ATP is present or not. The rates of reversal of inhibition by catechol are similar for (Na,K)-ATPase and for dynein, and because catechol is known to complex and reduce V(V) with a rate constant of about 1.8 X 104 M-1 sec-1 (13), corresponding to a velocity of 18 sec-1 at our concentration, this cannot be the rate-limiting step in the reversal of inhibition.
In addition to dynein and (Na,K)-ATPase, vanadium has also been reported to be a potent inhibitor of RNase (21) and alkaline and acid phosphatases (22, 23) . Although this suggests a general tendency for vanadium to inhibit enzymes of phosphate metabolism, it does not seem likely that the mechanism is the same in each case. The inhibition of RNase and alkaline phosphatase is greater by oxovanadium(IV) than by V(V). Moreover, the inhibition of alkaline and acid phosphatases by V(V) is competitive, and phosphate is also a strong competitive inhibitor of acid phosphatase although it is only a weak inhibitor of dynein. It must be noted that not all ATPases appear to be inhibited by vanadium; the lack of inhibition of myosin ATPase and F1 ATPase by V(V) has already been mentioned. Nevertheless, its tendency for inhibition of phosphate-metabolizing enzymes suggests that vanadium may be an inhibitor of some enzymes of RNA and DNA metabolism.
The requirement for traces of vanadium in growth (24) and its widespread occurrence in muscle and other tissues (25) indicate that it serves some physiological function. The nature of this function is unknown. Cantley et al. (4) have suggested that V(V) may serve as a regulator of (Na,K)-ATPase. A regulatory role for dynein and other phosphate enzymes that are inhibited by vanadium is also possible. However, for vanadium to function as an effective regulator, the cell must have some way of controlling its local concentration. The high concentration of catechol and catecholamines needed to reverse inhibition by V(V) makes it seem unlikely these agents are the natural antagonists. The necessary property for an antagonist is that it should have a high affinity that can be modulated by an appropriate messenger. The (Na,K)-ATPase has such properties, but it is questionable whether it could function as an efficient vanadium sink at the same time as fulfilling its function in ion transport.
The fact that V(V) inhibits dynein ATPase without inhibiting actomyosin ATPase makes it of possible use in distinguishing the action of these two systems in different forms of cell motility. Its application will be simplest in partially or wholly demembranated systems, where access of V(V) to the interior of the cell is no problem and its inhibition of (Na,K)-ATPase will be unimportant. However, it will also be of interest to study its effect in live cells into which it has been introduced by microinjection or by a suitable transmembrane carrier.
